ABSTRACT
Subscripts app apparent C contraction 1
INTRODUCTION
The thermal performance of liquid cooled heat sinks is of particular interest in the thermal management of electronic devices such as IGBTs that dissipate high power, e.g. of order 1 kW or more. Since the geometry of a compact heat sink greatly effects its thermal and hydrodynamic performance, the optimization of the internal flow passage design to enhance heat transfer and reduce pressure drop represents a significant design challenge.
The objective of this study is the experimental testing and analytical modeling of pressure drop and heat transfer for a novel liquid cooled heat sink design. The unique internal geometry of the heat sink represents a commercial design that balances heat transfer performance with minimal pressure drop while maintaining good manufacturability. A review of the literature reveals no previous work that directly relates to the particular geometry of the present study. The work of Baumann et al. [1] is most closely related to the present investigation of liquid cooled cold plate performance. It numerically explores the design modifications of a pin -array heat sink, including the size and shape of the plenums. Agonafer, Han and Schmidt [2] present a numerical study of heat transfer and pressure drop in a cold plate with serpentine channels. There are also studies such as those by Stasiek et al. [3] , Ciofalo et al. [4] , Focke et al. [5] , Okada et al. [6] , Blomerius et al. [7] , Rosenblad et al. [8] and Croce et al. [9] that consider the flow pattern formed by crossed corrugated (sinusoidal) plates, which is similar to the core of the heat sinks in the current study. These researchers were mainly concerned with the experimental and numerical studies of the effect of the crossing angle between the channels and the pitch-to-height ratio on the heat transfer and pressure drop of the corrugated section, lacking a more general analytical consideration.
The present work will develop models to predict the heat transfer and pressure drop for this particular design of compact heat sinks, and the model predictions will be compared with experimental tests conducted on four different geometries.
EXPERIMENTAL MEASUREMENT
Four heat sink designs having similar basic design features were used in the experimental test program. Each heat sink consists of two identical ribbed plates that, when brazed together, form a complex inner geometry that consists of the core, two mmµ. The experimental investigations for thermal performance and pressure drop were performed separately, i.e. the heating was not applied in the pressure drop measurements. All tests used the same fluid, a 50/50 (volume based) ethylene glycol/water mixture. The schematic of the test apparatus is shown in Fig. 2 .
Hydrodynamic Tests
The steady state pressure drop was tested in the following conditions:
1. volumetric flow rate range: 9.46 -2.27 L min, in steps of 0.378 L min 2. constant fluid temperature: 15, 21, 27 AE C.
The measurements of the steady state pressure drop were obtained using a differential pressure transducer (0 68 95 kPa) whose taps were positioned in the inlet and outlet hoses, about 15 cm from the barb fittings (∆p heat sink+system ). Additional measurements of the system pressure drop without the heat sink were done (∆p system ) to be able to subtract the pressure drop that occurred in the hoses and calculate the heat sink pressure drop alone (∆p tot ): ∆p tot ∆p heat sink+system ∆p system
The steady state criterion in the pressure tests required the collection of 20 pressure readings between the desired flow rates, with a measurement tolerance of ¦0 0378 L min. The repeatability of the experimental tests, validated by several repetitions, is within ¦5%.
Thermal Tests
The test procedure for the heat transfer experiments was based on determining the mean, steady state temperature of the calistor for varying flow rates at certain heat loads and contact pressures. The cold plates were heated symmetrically and uniformly by two aluminum heater blocks supplied with embedded cartridge heaters. Each heater block contained five cartridge heaters connected in parallel providing a heat capacity of 150W per cartridge heater. In order to maintain a repeatable interface pressure between the heater blocks and the heat sink a loading apparatus consisting of a 19 62 kN hydraulic press with a 9 81 kN load cell was used to apply a uniform and repeatable load of 4 005 kN to the calistor -heater block assembly. The temperatures on the top and the bottom heat sink surfaces were measured using eight T type thermocouples, four for each side, located at the circular surface of the copper adaptor, as shown in Fig. 3 . The thermocouples were distributed such that an arithmetic mean would capture the average surface temperature on the heat sink. In order to reduce the contact resistance, a thin layer of thermal grease was applied at the heat sink -copper adaptor interface. Bearing in mind that the heat sinks are made of copper, the thermal resistance through the wall is considered negligible. To reduce the heat loss to the surroundings the calistor -heater blocks assembly was wrapped in approximately 10 cm fiberglass insulation. The estimated heat loss to the surroundings, verified by measurements, is approximately 15 -20 %. The inlet and outlet temperature of the fluid were measured using two T type thermocouple probes inserted into fittings located before and after the heat sink.
The procedure for thermal testing was as follows:
1. set volumetric flow rate range (9 46 1 89 L min, in steps of 0 757 L min) 2. set the constant overall heat load ( 1500W) 3. record the steady state measurements at desired flow rate.
For each flow rate, the steady state measurements were determined using the following criterion:
The steady state value was an arithmetic average of 20 consecutive data points which fulfilled the criterion above. The repeatability of the thermal tests has shown to be within ¦7%.
In order to consider only heat transfer between the heater plates and the heat sink, an enthalpy balance for the fluid was used to calculate the total heat transfer rate, Q, and the experimental heat transfer coefficient, h tot exp :
where the log-mean temperature difference, ∆T lm , is defined as:
The heat transfer from the heat sink to the surroundings is assumed to be negligible, which provides a conservative estimate of the total heat transfer between the heat source and the coolant. 
MODEL DEVELOPMENT
Analytical models are developed that predict pressure drop and heat transfer for heat sinks A, B, C and D.
Hydrodynamic Model
The pressure drop in the heat sink is modeled based on a hydraulic resistance network that consists of all significant pressure losses encountered in the flow path. Based on the inner geometry of the heat sinks, flow patterns are deduced for the different inlet and outlet positions, as shown in Fig. 4 . Based on this assumed flow pattern, major pressure losses in the system are:
1. sudden contraction from the φ12 7 mm tubing to the φ9 525 mm barb fitting, ∆p C f itt 2. sudden expansion from the barb fitting to the inlet plenum, ∆p E pl 3. change in direction of the flow from/to the plenum when entering/exiting the core channels, ∆p δ turn 4. sudden contraction from the 12 7 mm high plenum to the 6 35 mm high core channels, ∆p C ch (Fig. 5 , detail A) 5. friction loss along the channels, ∆p ch 6. Z turn (two 90 AE bends) between the bottom and the top plate channels, ∆p Z bend (Fig. 5, detail B) 7. sudden expansion from the 6 35 mm high core channels to the 12 7 mm high plenum, ∆p E ch 8. sudden contraction from the plenum to the barb fitting, ∆p C pl 9. sudden expansion from the φ9 525 mm barb fitting to the φ12 7 mm tubing, ∆p E f itt .
The above listed sudden changes of the flow area and direction and the viscous shear (wall friction) present the hydraulic resistances causing irreversible pressure losses, shown in Fig. 6 . The flow distribution from the inlet plenum to the channels of the core is assumed uniform. It is also assumed that once the fluid enters the square ducts in the core, it flows along the channel without mixing with the fluid from other channels, and has a continuous channel flow of length L ch and of constant cross sectional area A ch b 2 6 35 mmµ 2 (Fig. 7) . Since the channel lengths (L ch ) in the heat sink are close but not identical, one averaged value represents all. According to the hydraulic resistance network, the total pressure drop across the heat sink is:
Pressure Drop Relationships for Model In order to find the overall pressure drop, the pressure losses in Eq. (7) are required. Idelchik [10] , Blevins [11] and White [12] provide the relations for the local losses due to sudden changes of the flow area or flow direction. The friction loss through the channel L ch (∆p ch ) was determined using the model developed by Muzychka [13] .
The local loss coefficients of a sudden contraction (K C ) ( [12] , [11] ) and expansion (K E ) [10] are:
where F 0 and F 1 are the smaller and larger cross sectional areas, d 0 is smaller (equivalent) diameter and V 0 is mean velocity through d 0 . The equivalent diameter of non-circular duct is defined as the square root of cross sectional area, according to Muzychka ( [13] , [14] ), whose Fanning friction factor and Nusselt number model for the plain duct flow were used in the modeling process of the current study. The factor k 1 1 is a correction factor for the asymmetric cases of sudden expansion/contraction in rectangular ducts and it depends on the aspect ratio of the channel width and height (B H) [10] . The values of k 1 for the tested heat sinks are shown in Table 1 .
The ∆p δ turn loss as the flow enters/exits the core is modeled as a sharp elbow with constant square cross sectional area of A ch . The local loss coefficient for the sharp square elbows is a function of the angle of the fluid turn, δ [10] :
Coefficients k δ1 and A δ for sharp elbows depend on the angle of the turn. Empirical values are given for certain angles [10] .
Using these values the appropriate interpolation was utilized in order to obtain k δ1 and A δ for the current geometries, as shown in Table 2 . Given that the plenums have twice the height of the core flow channels entering or leaving, it is assumed that the volumetric flow of the fluid required to turn in this region is one half the total volumetric flow rate. As a result, the velocity of the fluid required to turn can be determined as:
N number of channels 5 heat sink A, B 4 heat sink C, D 
The velocity through the Z bend (V Z ) and through the core channels (V ch ) are the same. The pressure loss due to the fluid shear through a square channel of length L ch ∆p ch in the core is determined using Muzychka's model [13] for the apparent Fanning friction factor´f app µ in Hydrodynamically Developing Flow (HDF) through the plain duct, of length L ch and cross sectional area A ch . The developing lengths for hydrodynamic and thermal boundary layers in straight ducts with constant cross-sectional area can be determined as [13] :
This criteria clearly shows that for the flow rates used in this research, both the hydrodynamic and thermal boundary layers remain in the developing region. It should be noted that in developing the formulations of friction factor Muzychka [13] used the square root of the cross sectional area as the characteristic length. In the case of the square cross section, this provides the same characteristic length, b, as one would obtain if the hydraulic diameter was used as the characteristic length. The pressure drop model is based on the product of the apparent Fanning friction factor and the Reynolds number. This product in turn is determined using superposition of two asymptotic solutions for developing and fully developed flow as shown in Eq. (18). The actual weighting of these two solutions is selfdetermined based on the magnitude of the flow characteristics of the channel. 
The connection between Fanning friction factor and pressure drop for plain duct flow is through the average shear stress:
Therefore:
Nondimensional Fanning friction -Reynolds Number Group of Heat Sinks Once the total pressure drop, ∆p tot , is determined by combining all the pressure drops in the flow path shown in Fig. 6 , a dimensionless form of the overall Fanning friction factor can be obtained as follows:
A simple comparison of the various pressure drops in the flow path indicates that the majority of the flow resistance is in the core, with the predominant resistance being the resistance associated with the turning of the flow in Z-bends. As a result the overall Reynolds number will be based on the characteristic length of these channels, i.e.:
Re Ô
A ch
Re ch ρbV ch µ (27) This pressure loss comprises approximately 30% 40% of the total loss, depending on the size of the heat sink.
Comparison of Hydrodynamic Model with Data
The second largest local loss is due to the sudden expansion from the fitting into the inlet plenum, ∆p E pl ³ 15 24%.
The sudden contraction loss from the plenum to the fitting, ∆p C pl ranges from 8 13%. The magnitude of these contraction/expansion losses is directly proportional to the size of the transition in the flow path. Other significant flow losses can be attributed to turning in the entry and exit to and from the plenums, where ∆p δ turn is of order 5% (or 10% overall for both entry and exit losses) and 6 Copyright c contraction/expansion losses in the fitting, ∆p C f itt and ∆p E f itt , which contribute 5 8% of the overall pressure drop. Contraction and expansion losses from the plenum to the core, and vice versa, are almost negligible (2 3%). Channel friction loss contributes approximately 6 13% to the total pressure drop, and since we have the case of hydrodynamically developing flow through the core channel of length L ch , this loss is greater for the shorter channels in heat sinks C and D, compared to longer channels in heat sinks A and B. 
Thermal Model
The thermal performance of the heat sinks is modeled based on a steady state analysis using a uniform wall temperature boundary condition. The overall convective heat transfer rate in the wetted interior of the heat sink can be predicted using the following: 
Because of the repeated overlapping flow channels in the core a fundamental unit cell was identified as shown in Fig. 13 . The basic feature of this unit cell is a flow channel of cross sectional area, A ch , and flow length, l ch . While there are minor differences in the flow length throughout the core, a single averaged value was obtained to represent the length of the short channel in the core. The heat transfer model for forced convection in the combined entry region of plain ducts, developed by Muzychka [14] is: 
where, for isothermal walls (UWT) the constants are: The model presented in Eq. (30) was assembled by combining limiting solutions for three distinct regions, namely i) fully developed hydrodynamic flow, ii) developing thermal flow and iii) simultaneously developing thermal and hydrodynamic flow. The velocity in the plenum is defined as: Back to Eq. (28), the total heat transfer coefficient, h tot can be determined. The geometrical parameters are given in Table 3 . 
